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Abstract
As the popularisation of electronical devices around the world, the development of
micro system has attracted the attention of the researchers. The obvious advantages
such as saving energy and portability make micro forming process becomes the rising
start in manufacturing industry. Although the micro forming process shows a great
potential, it still has significant barriers. Therefore, it is crucial to identify the effects of
relevant parameters in micro forming process. One of the most significant barriers for
micro forming process is size effect, which may be influenced by various factors such
as the thickness of materials, lubrication and surface roughness. This study mainly
focuses on the impact of holding time in heat treatment process on the properties of
materials after the micro forming process. Moreover, due to the mechanical properties
of composite material, Cu-Al-Cu laminate composite material is applied in this study.
The results demonstrate that the Cu-Al-Cu laminate composite material that
experiences 10-minute holding time in heat treatment process can gain better properties,
which involves strength, plasticity and formability. Furthermore, a simulation model of
the micro forming process is developed in this study and the results of simulation are
also compared with the experimental results.
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Chapter 1

Introduction

Nowadays, the application of micro products, especially electronical devices, spreads
the whole world. Due to the significant increasing demand of micro-parts, the
development of micro systems has been stimulated during last few decades [1, 2].
Compared with conventional macro-forming products, micro components stand for
higher production while the consumption of resources and energy can be saved.
Because of the saved cost of micro forming process and high versatility and mobility
of micro products, micro forming has a great potential in manufacture industry [2, 3].
However, the technology of micro forming process is not as mature as macro forming
process [3]. Hence, it is part and parcel to develop a more mature micro forming method,
which should be supported by specific parameters.
Although, micro components have significant advantages, barrier still exists in micro
manufacture process due to size effects [4, 5]. Xu et al. [6] found that the grain size is
the crucial factor which means the limiting size of geometrical properties can be
determined by grain size. Hence, ultra-fine grained metals attract the attention of
modern micro fabrication industry. The geometrical properties not only can be affected
by grain diameters, which can also be determined by the thickness of materials,
lubrication, chamfer and surface roughness [7, 8].
To obtain micro products with high precision, researchers have tried various methods,
such as the laser shock, activated sintering technology and micro deep drawing method
[9-11]. No matter which kind of method, simulation process plays an important role in
micro forming industry because of its high accuracy performance and low cost.
In addition, due to the limited quantity of copper resources, the high price becomes a
significant barrier to spread the application in the communications and electric
conduction industries. The weight of Cu-Al composite material may be only half of the
weight of pure Cu. Yet, some key properties are similar with copper alloys. On the other
hand, Cu-Al composite material also has an excellent performance comparing with pure
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Al. The strength and solderability of Cu-Al clad composite are much higher than that
of pure aluminium. Moreover, the electrical connection of Cu-Al composite material is
more reliable than any Al alloys. Cu-Al composite material as a perfect substitution for
pure copper and pure aluminium, thus, has attracted great attention nowadays [12].
Hence, the main objective of this research is to investigate the micro forming
performance of Cu-Al-Cu laminate composite material. To gain accurate required
results, both experimental and simulation methods should be used in this study. The
significance of the project is pointing out the mechanical properties of Cu-Al-Cu
laminate composite material under different holding times of heating treatment.
Furthermore, a new simulation model based on the experiment is introduced, which can
be applied in the next stage study.
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Chapter 2

Literature Review

2.1 General background
Due to the great development of microelectronic device, medical technology and
mechanical engineering industry, micro forming, especially micro deep drawing
forming becomes an essential technology in this field.
A research team in Japan found that if the production size reduces to 1/10 of original
size, the resource consumption could be reduced to almost 1/100 of conventional
method. Therefore, the micro forming process has a variety of benefits, which can
reduce the cost by saving materials, use less energy, improve the production efficiency
and even make more environment friendly products [2].
Despite the great advantages of micro forming, the key procedure of it is still not mature
yet. The most significant barrier in micro forming process comes from size effect. To
improve the forming performance, several aspects such as the thickness of materials,
lubrication, chamfer and surface roughness should be investigated [4, 6-8].
To be specific, the significant issues can be categorised into several parts which are
shown below [2]:
i)

Difference with conventional macro-forming process
Macro forming is developed well nowadays. However, when the conventional
macro forming is scaled down, the totally different performance of forming can
make the influences of some factors become significant, which can be ignored in
conventional macro-forming.

ii)

Lack of automatically fabrication
Currently, most processes of micro forming are relied on manual adjustments. The
manual adjustments may cause two serious problems which are wasting time and
inaccuracy. Both of the two issues finally lead to the low efficiency of micro
forming production.
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iii) Unsatisfied material properties
Now, most tests only use soft materials which cannot reach the requirement of
utility time. Furthermore, the functions of current micro forming are far from being
applied due to the poor performance of materials. Hence, it is urgent to find
appropriate materials to improve such embarrassing situation.
iv) Limitation of tooling
The development of micro-tooling has established since ten years ago, however, the
gaps between applicable tools are still large. The limitations come from two aspects
which are material strength and accuracy. The limitation of tooling and the lack of
automatically fabrication eventually cause the low manufacture efficiency and
precision.
v) Sensor dimension
Another issue is the sensor dimension. The sensor size of conventional macro
forming cannot be appropriate for micro forming process. Due to the over
dimension of sensors, the precision may be affected. Therefore, the accuracy
capability is now far less the requirement of micro forming.

2.2 Types of micro forming
The machines for micro forming process need to meet the special requirements of the
fabrication [13]. The most important aspect for these machines is accurate which
includes positioning accuracy and force accuracy. To achieve the accuracy requirement,
the position movement even needs to be controlled in the range of micrometres scale or
even less. Furthermore, balls-crews can always control the force ranges of some
important laboratory set-ups, which can be applied for tensile tests. However, the gaps
that exist among the moving components as well as the effects of stick-slip can lead to
inaccurate consequences. Moreover, the inaccuracy can finally lead to serious
limitations in these systems.
Therefore, the apparatus for micro forming process should perform in dimensions of
several microns. For instance, milling method can be constrained due to the diameter
of its fabrication apparatus. Hard metals which are used to make the tools with double
cutting-edge can form the minimum diameter up to 0.1 mm. Conventional tool materials
can be fabricated by such way. However, the grain size of the material that needs to be
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applied as the forming tools in micro forming process may constrain the sharpness and
the dimension of the apparatus [14].
2.2.1 Laser shock micro forming process
The laser shock micro forming is a cutting-edge technology. This process based on
high-speed loading which can provide high accuracy by laser shock punching process
[9]. Laser shock micro forming has enormous advantages, such as non-contact, toolfree, high efficiency and high precision [15]. Hence, this method has been considered
as one of the most important fabrication measures in micro forming industry.
Forming mechanism

Figure 2.1 The plasma condition: (a) without the application of confinement layer; (b) with the
application of confinement layer

The laser spot can change to a rectangle when the beam goes through the mask. Then,
the plasma expands on the surface of the workpiece due to that the plasma becomes
high-temperature and high-pressure by vaporized phenomenon. Therefore, the
workpiece can experience plastic deformation because of shock waves. The effect of
plasma on the workpiece can finally cause plastic deformation of the metal sheet. To
avoid this issue, a confinement layer is introduced which is shown in Fig. 2.1. The
surface can be protected by the black paint layer which is covered on the specimen.
Moreover, the confinement layer is made of polymethyl methacrylate (PMMA), which
can finally reduce the impact of plasma. In addition to these two layers, plasma also
needs to be limited by plasticine. The plasticine is a support with flexibility, which can
be set into a container at the bottom. However, there are always enormous air pockets
in normal plasticine. Therefore, this problem must be settled due to the requirement of
the degree of homogeneity. Furthermore, the flatness of the plasticine needs to be
ensured as well.
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Forming performance
The laser shock forming area can be separated into two parts which are direct forming
and indirect forming areas.
The forming resistance is relevant to the amount of grain under the laser spot. The great
amount of grain can cause more significant forming resistance.
The impact of the pulse energy and grain size to the surface roughness is not serious.
However, this is mainly due to the low hardness of the flexible pad. This is also an
crucial common limitations forming process down to micro degree which eliminates
the materials with high hardness property.
The mask and flexible laser shock forming process have been researched a lot, however,
the precision issue is still obvious in laser shock forming, especially in micro forming
process [9]. Furthermore, the limitation of material hardness cannot be ignored as well.
Therefore, it is necessary to do further research to find the most appropriate parameters
to improve the laser shock forming performance.
2.2.2 Activated sintering technology

Figure 2.2 (a)–(d) Schematic illustration of sintering process

In general, sintering process includes three steps, which are identified by the
microstructure [10]. As Figs. 2.2 (a) to (b) show, in the first period which is the
rearrangement of the powders, the low current exists among the particles reduces the
impact of Joule heating on the metal powders. However, the applied pressure becomes
the main effect in this period, which can increase the chance of particles contact.
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The second period is deformation which is shown in Fig. 2.2 (c). During this period,
the particle contact can be almost finished, which can allow strong electrical current
goes through the particles. The dominant effect in this period is different from former
period because that the Joule heating is the prior heating method. Furthermore, the main
deformation should be twinning in this period.
As there is no more particle rotation, the rapid solidification can occur in the final period,
which is illustrated in Fig. 2.2 (d). This process contains two aspects. Firstly, the
evolution of microstructure that happens in the powder sintering compacts process and
the growth of grain are highly correlated. Secondly, the grain growth and the
deformation can lead to the disappearance and space filling process.
Forming performance
The main variables that should be controlled in activated sintering technology are
sintering temperature and pressure. However, these two variables have mere influence
on the microstructure of metal powder. In addition, the bending strength and average
hardness are affected by the variables significantly [16].
Unidirectional compression can lead to the distribution of inhomogeneous axial stress,
which can finally cause a poor sintering uniformity. Furthermore, the densification
process in each area is unique, which is defined by the axial stress level [16]. Hence, it
is part and parcel to focus on the axial stress distribution during the fabrication process.

2.3 Size effect
Due to that the length scale of intrinsic material lacks relevant knowledge, moreover,
the investigation for material microstructural is insufficient either, the models that
based on the conventional material may not explain the mechanical behaviour such as
size effect when the size down to micro-scale [1].
Researchers found that the Young’s Modulus can be considered as a bulk material
property which is irrelevant with size in macrostructure. Nevertheless, the same theory
cannot be applied in microstructure area [17]. Thus, the research of relevant parameters
of size effects is meaningful.
The size effect not only exists in metal materials, but also exists in amorphous polymer
materials such as polymethyl methacrylate (PMMA). Compared with conventional
crystalline materials, amorphous materials shows more advantages due to lack of grain

7

structure. However, size effect still exists in amorphous materials [18]. Therefore,
considering the impact of size effect on elastic and plastic behaviours of both metal
materials and other materials may help to establish more accurate models [19].
Normally, the size effect can be categorised into two aspects which are the size effects
of first and second orders. The former one mainly represents to the effects caused by
the discrete granular anisotropic nature of microstructures [1, 20]. For instance, several
grains appear in the deformation region may cause plastic deformation, and the material
microstructures are not evenly distributed. Furthermore, the impacts come from the
grain properties are significant to the metallic polycrystalline materials, which may
influence their mechanical behaviours. The last type of size effects means that the
plastic deformation which is inhomogeneous can lead to the strengthening effect [1].
Currently, most researchers focus on the impacts of grain size, feature size and
specimen dimensions to investigate the size effect at micro-scale. The Hall-Petch
relationship is a crucial formula proposed by Hall and Petch to describe the influence
of grain size [20]. Therefore, Hall-Petch formula is always applied in micro forming
research as a classical formula.
According to the research, the characters of size effect can be concluded [20]:
i)

When the grain size and feature dimension increase, the forming depth of materials
shows an increase trend as well. Moreover, the behaviours of coarse-grain and finegrain are quite different, especially in the standard deviation aspect. The finegrained specimen illustrates a smaller standard deviation of forming depth.

ii) The surface quality has a close relationship with deformation behaviour. To be
specific, as the grain size increases, the surface quality becomes rougher. In
addition, the same trend can be gained in the standard deviation distribution of
coarse-grain and fine-grain materials as well.
iii) The change of thickness is opposite to grain size. However, the maximum thickness
thinning ratio has the same trend with grain size and feature dimensions. Moreover,
if assuming that there is a reduce trend of the grain size and meanwhile, the feature
size increases, it can be observed that the material deformation can be more
homogenous.
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Cheng et al. [21] also investigate the grain size impact on micro forming technology.
According to the research and experiment, the growth of grain size can lead to more
significant size effect, which finally decreases the forming force. Furthermore, the
results of the experiment demonstrate that inhomogeneous deformation of grain can
lead to lower surface quality.
Fig. 2.3 reveals the surface topography of specimen. According to the images,
inhomogeneous deformation leads to more obvious rough surface. Moreover, due to
one or two free boundaries that exist in deformation process, the grains in surface layer
cannot be limited properly. Therefore, rotation is more common than slipping.

Figure 2.3 Various grain sizes in micro formed parts: (a) 11.5 μm; (b) 30 μm; (c) 121 μm

According to Willert et al. [22], the influence of size effect on micro machining is
significant:
i)

When the ratio of chip thickness without deformation to the cutting edge radius is
under three, the impact of it is obvious on cutting force.

ii) When specific cutting force increase, size effect and the depth of the deformed zone
can perform quite differently due to the different types of heat treatment.
iii) As the mechanical loads increase, the depth of the modified surface layer shows the
same trend change.
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iv) The main measure of manufacture uses conventional machine tools. However, if
the fabrication scale of the tools is out of engagement, it can lead to rubbing effect,
which limits all kinds of modification of conventional machine tolls.
In addition to the factors that mentioned above, size effect may affect forming load as
well. According to Wang et al. [18], as the increase of the sidewall thickness, the impact
of size effect becomes less. Therefore, to make an accurate prediction of forming load,
it is necessary to consider specific surface of critical deformation zone as a size effect
factor.
The experiment done by Qiu et al. [5] also shows the impact of size effect. The
experiment illustrates the size influence and influence of tool surface roughness
respectively. According to the results of this experiment, the pin aspect ratio increases
as the punch/pin diameter ratio increase. Moreover, the forming load can be increased
to a higher position.

Figure 2.4 Load - deformation curves of the cylinders

The load-deformation curves are shown in Fig. 2.4. There are five cylinders with
different diameters in this test. According to the experimental data, the heights of
diameter 1 to diameter 5 are 2 mm, 3 mm, 3.5 mm, 4 mm and 5 mm respectively.
Furthermore, the impact of punch diameter ratio is investigated as well. The research
found that the pin aspect ratios can be higher, which is caused by the increase of the
punch/pin diameter rate. Moreover, the rate of the punch diameter can also lead to the
increase of forming load. Hence, the punch diameter needs to be chosen refer to the
forming load.
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In addition, the experiment investigates the impact of tool surface roughness by using
Double Cup Extrusion (DCE) tests. The results show that the surface roughness has
significant impact on micro forming process. The die with the highest surface roughness
can provide the lowest friction.

2.4 Tribology in micro forming
2.4.1 General review of tribology
As this paper mentioned above, conventional forming method, for example, the
extrusion and milling process, have to face series problems when the scale reduce to
micro level because of size effects [23]. Friction behaviour is a crucial factor to size
effects. In addition to the grain structure of materials, other factors such as the coatings
of die and various lubricants are essential as well, which can affect material friction
behaviour significantly [24].
Several researches have investigated the friction behaviour by different kinds of micro
forming process [24-27]. Takatsuji et al. [24] used micro-extrusion apparatus to reveal
the influence of die angle. In order to remove the pin easily after extrusion, the die is
designed to be segmented. Furthermore, the punch diameter (φ), the container diameter
(φ1) and the bearing diameter (φ2) are 1.47 mm, 1.71 mm and 1.09 mm respectively.
The type of forming process applied in this experiment is a forward-backward extrusion.
The materials that need to be tested are put into the die. The die is set in the body of the
mould. Moreover, the press component contains the punch tool, the sensor of
displacement and the load cell. The temperature of the experiment is set at room
temperature. Furthermore, the ram speed is set as 0.1 mm/s, which needs to be
continued for 35 seconds to complete a stroke of 3.5 mm. The values of the load and
deformation can be gained by the test. Then, the results are sent to the micro press
system controller for data collection.
According to the research, compared with the backward parts that in the angled dies,
the flat dies can provide a longer backward part of the extruded pins. The extrusion
force decreases as kinematic viscosity increases in conical die configurations. However,
the situation of flat die configurations is opposite, which means the force of extrusion
has the same trend with kinematic viscosity. In addition, the extrusion force also has
the same trend with the length of the backward part of the extruded pins.
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Brinksmeier et al. [25] investigated the relationship between the tribological behaviour
and micro structures. The investigated material is limited by polished surfaces via
different kinds of micro forming process. The results reveal how the average surface
roughness and the line pitch can influence the friction coefficient. The experiment
shows that the smoothest surfaces cannot ensure the lowest friction under dry conditions.
Furthermore, the research also finds that the appropriate selection of line pitch may
decrease the friction coefficient. Therefore, in order to control the friction precisely, it
is necessary to combine the information of the impact of direction and the condition of
microstructures.
In the micro forming process, the friction coefficient which is between the forming
material and forming apparatus is bigger comparing with the friction coefficient in
macro forming process because of the tribological size effect [26, 27]. Moreover, the
bigger friction coefficient can finally lead to a poor performance of forming limit.
Another issue for micro forming is that clean up the lubricant on workpieces is more
inconvenient than in macro scale, which is due to small dimensions [26]. Hence, in
order to improve situation which the tools with low friction coefficient, researchers pay
more attention on dry conditions. Lubrication film can be used to reduce the friction
and wear by taking flakes out of the tools, moreover, it can be used for transmission,
cooling, damping, sealing and as corrosion protection as well [27]. In addition, some
investigations have proved that the diamond-like carbon which is also known as DLC
coating of forming apparatuses is considered as an efficient method for the forming
process without lubricant. This method can be introduced in micro scale as well [26,
28].
Compare with macro forming, the ratio of film thickness to blank thickness is quite
bigger in micro scale. Hence, the coating with DLC can be harder than the blank
material in micro forming process, which can make the DLC-coating to bear the load.
Normally, the tribological behaviour depends on several parameters of the forming
process, which may involve speed, load value and material-pairing. Hence, Hu et al.
[26] kept the same material-paring and the speed of both ball-on-disc-test and micro
deep drawing test. These tests were used to figure out the impact of the load in the
experiment which can reveal the tribological behaviour with DLC-coating.
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According to the research, the load condition is 5-25 N, which equals a contact pressure
which is from 215 to 330 N/mm2. Furthermore, the film of DLC and uncoated steel
X153CrMoV12 are used to against the X5CrNi18-10 which is a type of stainless steel.
Figs. 2.5 and 2.6 show that μ = 0.166 and μ = 0.18 which are the average friction
coefficients for the DLC-coated under the load of 5N and 25 N respectively. Hence, the
average friction coefficients for coated X153CrMoV12 is significant lower than that for
the uncoated one. Moreover, the research also investigated the relationship between
friction coefficient and time. Figs. 2.5 and 2.6a show that the relevant value of uncoated
sample increased significantly at about 100th second of the tests. In addition, Figs. 2.5
and 2.6 also illustrate the friction behaviour of the tested material. Furthermore, the
experimental conditions are the same with uncoated ones. In the first period, it can be
seen a typical run-in situation and friction coefficient increases slightly. Then, the
friction coefficient reduces again. After this period, the stable friction coefficient which
can even last to the 1200th second, can be gained.

Figure 2.5 The friction coefficient comparison between the steel with and without DLC-coat (load 5 N)

Figure 2.6 (a) The friction coefficient comparison between the steel with and without DLC-coat, and
(b) by tribotest against the steel X5CrNi18-10 (load 25 N)

The analysis reveals that the film with DLC applies lubricant-free can reduce the
friction coefficient comparing with that of the ones without coat. Moreover, the material
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surface also been investigated. Because of eggshell effect, there is no damage on the
DLC. However, cracks and spalling can still be observed. The research also finds that,
comparing with normal lubricant, the DLC-coated forming tools can cut down the
punch force more efficiently.
The experiment proves that the apparatuses coated with DLC can be applied in micro
deep drawing. Furthermore, it also points out a new development direction in micro
forming field.
2.4.2 Lubrication
Due to the level of lubricant thickness is the same as feature size dimensions,
conventional lubrication materials cannot be used in micro forming process directly
[29].
Baek et al. [29] found that the friction and adhesion forces are measured on bare and
Octadecyltrichlorosilane (OTS) self-assembled monolayer (SAM) coated Si wafer
surface. The analysis results demonstrate that the friction and adhesion can be decreased
by OTS SAM coating sufficiently. Furthermore, the research also illustrates that the
formability of the thin foil channel forming is improved by OTS SAM coating
significantly. According to the analysis, potential lubricants such as Teflon, ZDOL and
parylene can be applied in micro forming process as the continuous development.
The friction coefficient is always determined by the lubricant. An appropriate lubricant
can save forming energy, reduce forming progress and even extend the service life of
machine tools. Furthermore, lubricant can improve the surface quality of the products
[30]. Therefore, due to the great positive impacts of lubricants in forming process and
energy consumption, it is crucial to identify the friction coefficient and apply
appropriate lubricants in micro forming process [30, 31].
Normally, liquid lubricants are the main lubrication measure in macro forming process.
Nevertheless, due to friction size effect, liquid lubricant cannot be applied in micro
forming process directly.
Therefore, Gong and Guo [28] investigated three different types of solid lubrication
films. According to the experiments, TiN, DLC and MoS2 films can be applied to cover
the mould and die material SKD11 by plasma immersion ion implantation and
deposition (PIIID) and magnetron sputtering. Moreover, the results show that the
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tribological performances as well as adhesion strength of DLC film are the best of these
three materials, therefore, the DLC film should be considered as an appropriate
lubricant for micro forming process. In addition, the limiting drawing coefficient (LDC)
and forming load can be significantly reduced by using die and blank which are covered
by DLC. Another research done by Gong et al. [32] verifies that polyethylene (PE) film
has significant impacts on drawing force and limiting drawing ratio (LDR) as well.
The lubricant condition can affect the surface roughness evolution during not only
drawing process but also rolling process [33]. When the oil film thickness increased,
the rolling pressure can be reduced, however, the workpiece surface turns to be dull.
For foil rolling, the most appropriate lubricant is emulsion, which can reduce rolling
force obviously. The roll-coating formation can affect lubricating condition
significantly. Furthermore, the influence can be more powerful when using the smooth
surface of rolls.
Wang et al. [34] investigated the lubrication mechanism in micro scale. The material
for this research is porous composites. The research reveals that the properties of
tribology of the porous self-lubricating PEEK composites (PSPC) can be significantly
affected by porosity, which has been confirmed by tribological tests. According to the
results, the most appropriate percentage of composite porosity is 16.8%, which can
provide good tribological properties. Another conclusion of this research is that the
PSPC with nano-micro multilevel pore structure (N-MPS) is more proper than that of
the pure PEEK and PSPC with multilevel pore structure (MPS). The properties of
tribology and the temperature of worn surface can be improved by using the PSPC with
N-MPS.
Although the study about lubrication attracts more attention, the limitation of lubricant
application still exists in micro forming process. Deng et al. [35] discussed the
relationship between the lubricant, surface friction and size of specimen. According to
the research, the decrease of material size can lead to the rise of interfacial friction
between the apparatus and the forming material. This is mainly because that the real
contact area (RCA) mostly appears at the edge of the interface between the apparatus
and the forming material. Furthermore, the research also shows that both of the close
and open lubricant pockets (CLP and OLP) can cause deformation to be inhomogeneous
in the surface material. This phenomenon has remarkable impact on the properties of
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surface material. Another important issue is revealed by the research as well, which
point out the relationship between the lubricant efficiency and surface roughness. Due
to that the asperity valley traps more lubricant, the proportion of CLP increases as well.
Therefore, the lubricant efficiency can be higher with larger asperity. In addition, the
annealing process can provide pressure by trapped lubricant, and the pressure can lead
to deformation of asperity. Finally, small CLPs can get together. Then, a large CLP can
be produced. Finally, the large CLP exists in the inner area of the interface between the
apparatus and the forming material.
Fig. 2.7 illustrates the end surfaces of the compressed specimen. The surfaces contain
three kinds of grain size. According to the research, the material deformation tends to
be more inhomogeneous. Moreover, as the growth of grain, the change of inner texture
also appears the same trend. This phenomenon should due to that a single grain has
anisotropy properties. Specifically, if the scale downs to the micro degree, the impact
of grain size increase can be more significant. Therefore, the properties of individual
grain can influence deformation behaviour significantly. Finally, the deformation can
be inhomogeneous. Moreover, the surface texture size increases as well. This study also
finds that comparing with as-delivered material, the amount of RCA which locates at
the inner region is much lower. This is because of the special properties of the surface
metal. The metal surface normally contains several layers. In addition, there is always
a layer of oxide can cover the surface. Furthermore, it covers an amorphous layer. The
amorphous layer can be developed during forming process which means the layer needs
to experience melt process and rapid cooling process. Plastic deformation can happen
in the following layer which is work-hardened material. However, the machining
condition still has a great impact on both properties and thickness of this layer. A dull
tool may lead to a thick work-hardened layer. Moreover, the inhomogeneous surface
deformation and serious temperature gradient can cause residual stress in the workhardened layer in forming process. In addition, the interfacial friction behaviour can be
obviously influenced by the surface characteristics. The oxide of the material which is
covered on the surface material as well as the layer which is produced due to work
hardening can be removed by the annealing procedure. Furthermore, the removing can
lead to the decrease of RCA at the inner region. The pressure which produced by the
trapped lubricant can cause the deformation of the asperities on the annealed material.
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Finally, as shown in Fig. 2.8, the inner region contains a big CLP which is merged by
the tiny CLPs.

Figure 2.7 End surfaces of the compressed specimens (Ø0.75 mm × 1.125 mm) with the grain size of
(a) 22 μm, (b) 29 μm, and (c) 42 μm

Figure 2.8 Mechanism of merging tiny CLPs

The solidification of lubricant can be a solution for micro-pool phenomenon in metal
forming process, which is particularly applied in extrusion and plastic rolling process
for fabricating products with high quality in plastic deformation [36]. The researchers
propose the solidification to analyse the performance of lubricant which is dominated
by lubricant pressure. The result reveals the pressure projection. Moreover, it also
shows the basic mechanism of the micro-pool issue. The lubricant solidification can be
observed around the outlet of die during extrusion period. Then, the surface with high
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quality can be gained via micro-pool phenomenon combines with high loading rolling
process.
Fig. 2.9 reveals how the micro-pool phenomenon works [36]. There are dents and
projections on the material surface, which can produce gaps between the tool and the
workpiece. Therefore, the lubrication oil can be trapped between the apparatus and the
material. As the deformation of plastic proceeds, although convex surface can contact
the tool directly, which may cause surface flows, the surface can be polished as well.
Hence, it can be summarised into two aspects. One of the influences is that lubricant
might be overflowed out of the convex parts which are deformed elastically. This
phenomenon is due to the increase of the pressure which is produced by the oil that has
been trapped. Furthermore, the trapped oil is leaded by the compression between the
tool and the material. The other impact is that the micro-pool phenomenon may be
affected by the dependability of pressure and the lubricant solidification.

Figure 2.9 Concept of lubrication mechanism

2.5 Micro deep drawing
Micro deep drawing method has significant advantages comparing with other micro
fabrication methods. As one of the most important measures of micro forming, micro
deep drawing has excellent ability in forming special micro part, such as hollow, thin
walled, cup and box. Moreover, the most common products of micro deep drawing are
micro cylinder cups, micro rectangular cups, micro conical cups, and micro spherical
cups [32]. Although, the micro deep drawing has so many merits as one of the most
important micro forming methods, it has to face the challenges from size effects as well
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[37]. Therefore, a special mould was developed to produce the micro cups, as shown in
Fig. 2.10.

Figure 2.10 Mould of micro deep drawing, (a) assembly diagram and (b) photograph

In order to investigate the differences of deep drawing between micro and macro scale,
Vollertsen et al. [13] tested the forming performances. In order to compare the forming
performance between micro forming and macro forming, one micro deep drawing
machine is introduced to research the size effects of friction. The punch diameter is
1 mm with a radius of 0.19 mm. Two different material foils are tested in this
experiment, which are Al 99.5 foil and 1.0335 foil. Moreover, the thickness for the two
foils are 0.02 mm and 0.025 mm respectively. The blank holder force cannot be applied
precisely if the scale reduces to micro level. The size of the punch and the blank is the
biggest barrier for the precision. Furthermore, the punch and the die need to keep
moving during the process, therefore, the blank holder force cannot be controlled by
the friction force. Compared with macro deep drawing, the frictional force at the rate
of forming force is obviously higher. Inappropriate blank holder force may lead to
wrinkles on the flange. In addition, cracks can also be observed on the bottom area, see
Fig. 2.11.
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Figure 2.11 Broke cups by micro deep drawing process

The punch diameter of macro deep drawing is 50 mm. Moreover, Al 99.5 of 1 mm
thickness and St 15 of 1.35 mm thickness are chosen as the testing materials.
Fig. 2.12 shows both of the micro deep drawing forming performance and the macro
deep drawing forming performance. It can be observed that wrinkles appears on the rim
region of the micro cup, however, the quality of the other one is better.

Figure 2.12 The different qualities of the cups by micro and macro deep drawing process

In addition, the performances of lubricant are different between the micro forming and
macro forming as well.
The research, therefore, compared the two types of deep drawing via changing the
amount of lubricant. The results which can be observed in Fig. 2.13 illustrate that both
micro and macro deep drawing processes with the increase of lubrication can lead to
the decrease of friction coefficients. Nevertheless, the decreasing trend of micro deep
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drawing process is obviously more rapid than that of macro forming. Therefore, the
influence of the amount of lubricant is various for the different scales in deep drawing
process.

Figure 2.13 Different impacts of lubricant on micro and macro forming process

According to the research, the measured punch force in micro deep drawing process is
quite larger than the calculated value. However, this parameter in macro deep drawing
process is almost the same as the calculated value. This phenomenon means that
comparing with macro forming process, micro forming process has larger absolute
friction coefficient.
Gong et al. [32] investigated the impact of various conditions of lubrication in the micro
forming process. Moreover, they also study blank holder force. This research is based
on the experiments which are performed on a SANS CMT5504 electronic universal
testing machine at room temperature. Furthermore, the speed of deep drawing is set at
0.05 mm/s. The stroke value is gained by the machine directly, and the micro load cell
can provide drawing force. In addition, there is a gap of 50 μm exist between the punch
and die, which is the same to the forming material. In addition to dry friction, three
other lubricants are applied in the experiment. One of the lubricants is castor oil with
dynamic viscosity of 0.61 Pa.s. Petroleum jelly is another lubricant which was used in
the experiments, and its dynamic viscosity is 1.08 Pa.s. The last lubricant is PE film
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with thickness of 7 μm. In addition, the blank holder forces are 2.8, 4.2, 5.6 and 7.0 N
respectively.
The results of the micro deep drawing experiments show the different performances of
the four kinds of lubricants. Furthermore, the factor of blank holder force also crucial
in micro forming process. Based on the results, the micro blanking-deep drawing
compound mould can form micro conical–cylindrical cup. Moreover, as mentioned in
lubrication part of this paper, the test by using micro deep drawing also verified the
conclusion about the positive impact of PE film. It has been identified that the PE film
can reduce the drawing force and increase the LDR. The experiment also discussed the
similar aspect with the research led by Vollertsen et al. [13], which is about the forming
performance at the rim and bottom area of the cup. To be specific, the edge of the micro
cup can be wrinkled if the blank holder force is less than 4.2 N. However, the blank
holder force cannot be too large either, due to that if the blank holder force is larger
than 5.6 N, the bottom of the micro cup can be cracked. Therefore, the blank holder
force needs to be controlled carefully during micro deep drawing process to avoid
damaging micro cups.
Fig. 2.14 illustrates the four groups of micro conical–cylindrical cups by SEM images.
Various conditions of lubrication are applied in the forming process of these cups.
According to the research data, the maximum blank holder force and LDR are 4.2 N
and 1.8 respectively. It can be obviously observed on the images that performance of
dry friction is poor, which lead to the cracks of micro cups. The castor oil and petroleum
jelly lubrication conditions can support the forming process successfully. However,
compared with PE film lubrication condition, these two lubrication methods lead to
more damages on the edge region. This phenomenon is mainly due to that enormous
lubricant can be squeezed out during the micro forming process. Furthermore, the loss
of lubricant causes the direct contact between the forming material and the die. Finally,
severe large deformation and friction lead to the scratches inevitably.
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Figure 2.14 The comparison of the impact of different lubricant methods (a) castor oil, (b) petroleum
jelly, (c) PE film, and (d) dry friction on micro forming cups

In addition, Fig. 2.15 reveals that the BHF has a significant impact on the surface quality
in micro forming process. As Fig. 2.15 (a) shows, the quality of the cup is worse, which
contains wrinkles due to the insufficient BHF. However, the proper BHF can generate
enough stretching which can reduce wrinkles and cracks, as shown in Fig. 2.15(b) and
(c). Nevertheless, the punch may compel the material to stretching due to large BHF,
which can lead to the crack, as shown in Fig. 2.15(d).

Figure 2.15 The comparison of the impact of different BHF (a) 2.8 N (b) 4.2 N (c) 5.6 N, and (d) 7.0 N
on micro forming cups

According to the research, micro deep drawing method not only shows the potential of
mass manufacture, but also provides an efficient method to investigate the forming
ability of micro forming process [13, 32].
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2.6 Simulation
Finite element method (FEM) has been applied in macro scale field for few years and,
moreover, researchers also try to transfer the application of FEM from macro scale to
micro scale [37]. However, because of the great impact of size effects, the properties of
materials change significantly. Therefore, the conventional FEM needs to be optimised
to adapt to simulate micro forming process.
To gain an accurate finite element model at micro scale, Voronoi structures can be used
to identify the properties of the materials because of the similarity between geometrical
features and micro structures of the materials [38, 39]. Voronoi diagram can present
polycrystalline microstructures more accurately due to its shape, distribution and
irregularity [40]. The mechanism of this simulation model is that every Voronoi
tessellation can denote one grain and each grain has its own properties. Hence, the
properties of materials can be conveyed more precisely at micro scale comparing with
the conventional models which are transferred from macro finite element models.
However, the prototype of Voronoi model is still distinct from the actual microstructure
of the material, and furthermore, such Voronoi structure cannot be applied to generate
mesh. The centroidal Voronoi, therefore, is introduced to optimise micro structure
simulation by homogenisation of tessellation. Moreover, the small angles also need to
be limited in the optimisation process. Finally, the optimisation makes it possible to
mesh this new Voronoi structure.
Yet, the centroidal Voronoi cannot adapt to all kinds of micro structural simulations.
For instance, the materials whose crystals are non-equiaxed cannot apply such Voronoi
model directly. In addition, this Voronoi model cannot simulate small features, which
may lead to serious damage of mesh quality.
Luo et al. [37] developed a mass density function that can adjust the Voronoi
tessellations. Due to that the requirement of mesh quality of forming processes
simulation is quite high, and this optimisation which is based on size-controllable
centroidal Voronoi tessellations needs to eliminate small features. However, the size
distribution of tessellations needs to be maintained. Moreover, the optimised Voronoi
model can approach approximate real micro structures of forming materials.
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Fig. 2.16 illustrates a flow diagram which can explain the optimisation process. The
research uses the Laplacian calculator which is x* =

1
k



xj as the optimisation

xji , xj  xi

algorithm. The x* is the centre of the i.th point pt’s all neighbours, k is the number of
neighbours and xi and xj are generators of the centroidal Voronoi tessellations. This
calculator is applied to calculate a certain point to move to the centre of all its
neighbours. The boundary points are settled as fixed in this research, moreover, the
inside points need to be traversed by the Laplacian calculator. This is due to that
centroidal Voronoi tessellations should be edited to a special shape in the analysis
process to build a forming part. The cycle of the Laplacian traversal can be terminated
if the termination criteria achieved. The distribution of the fixed boundary points can
be acceptable once the centroidal Voronoi becomes smoothing. Therefore, maintaining
the boundary points is quite necessary.

Figure 2.16 Optimisation process

The optimisation of the mesh uses quadrilateral in 2D models, moreover, the
optimisation also applies hexahedral in 3D models. As a result, the quality of the mesh
is obviously higher compared with the ones of normal centroidal Voronoi tessellations.
Furthermore, this program only has minor impact on the size and distribution of the
original tessellations. Fig. 2.17 illustrates the differences of centroidal Voronoi
tessellations without and with optimisations. The amount of the generator in the circle
is 500 and the radius is 0.8 mm. In addition, the density function is   e -20(x2+y2).
According to the enlarged images, there are ultra-short edges in the tessellations if the
optimisation has not been applied. However, the optimisation can enlarge such edges.
The Voronoi tessellation quality is judged by a special edge ratio. This ratio represents
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the length from the maximum edge to the minimum edge. When the ratio closer to one,
it means the quality of the tessellations is better.

Figure 2.17 The comparison between the centroidal Voronoi tessellations with (a) and without (b)
optimisation

Irthiea and Green [41] developed a new process for micro forming by simulation
method and experiments. The initial condition of this research is a gap which is set
between the blank holder and the adjustment ring. Furthermore, the gap can keep a
particular duration for the blank to form against the holding spring. The simulation
method also played an important role in this study. The finite element (FE) models can
help with the investigation of the quality of formed cups by analysis of the process
parameters.
The results of the research show that the sound cup cannot be produced without initial
adopted gap if the diameters of the blanks are 11 and 12 mm. This is due to the increase
of blank diameter which can lead to a rise of pressure on the flange area by the rubber
material. As a result, the holding force increases due to the pressure, which can break
the forming cups. To gain the cups with similar shape, the research applies a 60 μmgap as preparation. Moreover, the diameter of the blank is 11 mm. Furthermore, the
control groups use no gaps and the diameters are 9 and 10 mm. Due to that the 12 mmdiameter-blank cannot be used to produce the sound cup, the experiment and simulation
do not contain this kind of blank.
Fig. 2.18 compares the cups between FE simulation models and experimental cups with
various diameters of blank. The rise of the blank diameter can lead to an increase of the
flange area. Then, it can cause dramatically high frictional forces in the flange area.
Moreover, if there are high friction forces, the yield strength of the blank material may
be lower than the tensile stresses. Finally, the workpiece can be teared. According to
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the images, it can be observed that the great correlation exists between the physical cups
and FE simulation results.

Figure 2.18 The comparison between experimental results and simulation result with various diameters

There are three soft die heights are applied in the research which are 10 mm, 15 mm
and 20 mm respectively. Furthermore, all of the pieces use 63 Shore A hardness
material. According to the results, as the decrease of soft die height, the hydrostatic
pressure excited in the rubber material shows an opposite trend. To conclude, if the
punch load is fixed, the decrease of rubber die height can lead to the increase of the
deformation capability of the polyurethane rubbers.
Hence, the shoulder corner area of the cup can be shallower as the increase of the height
of rubber die. This is also the reason that the die whose height is 20 mm finally leads to
the wrinkles which is shown in Fig. 2.19.

Figure 2.19 Comparison between experiment results and simulation results with various heights

The microstructure of materials can be imitated by Voronoi tessellations models.
Moreover, the FE model which is based on Voronoi tessellations can also show grained
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heterogeneity graphically. Fang et al. [39] discussed the impacts of size effects on
Voronoi tessellation. A V-bending FE simulation model is introduced in this study.
The purpose of this research is to discuss the impact of grain heterogeneity. Therefore,
the FE model of conventional asymmetrical type is no suitable in this study. In fact, the
type of FE model is more similar to the actual conditions of the experiment, which is
due to that both of the two sides of the material cannot be extremely equal. In addition,
the research also applied the eight node 3D linear brick and reduced integration
continuum element C3D8R. Moreover, the punch and die are stiff components and
therefore, two rigid surfaces are applied in simulation process.
The analysis results show the significantly inhomogeneous deformation which
happened during the bending process. Furthermore, different bending and springback
degrees on both sides of the forming material can be observed when the friction
coefficient between the workpiece and die surface is uniform. Moreover, the neutral
layer can be detected as well. Nevertheless, because of the distinctive grain shape and
size, both of the two kinds of phenomenon are led by unique meshing in every grain.
According to the results of the FE simulation, the inhomogeneous deformation occurred
during micro V-bending process. Moreover, the increase of springback with grain size
can be observed as well.
The relevant research shows that the micro forming simulation not only focuses on the
forming progress, but also the improvement of the accuracy [37, 39, 41]. In addition,
simulation method, especially the establishment of FE models, has become a main
measure in micro forming industry. However, the simulation process still needs to be
combined with experimental results, which can finally lead to account results obtained.

2.7 Composite material
As the rapid development of manufacture technology, single-component materials
cannot reach the requirement of fabrication. Hence, composite material plays a crucial
role in modern industry field. Furthermore, more research concentrates on the
mechanical properties of composite material, which can has a great impact on material
forming. According to the research [42], heat treatment can cause the atom diffusion
reaction which appears at the interface. Such phenomenon has both advantages and
disadvantages. It can improve some mechanical properties of the composite material on
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the one hand. However, it can also impair other mechanical properties. Therefore, a
proper heat treatment for composite materials is part and parcel in fabrication industry.
Yuan et al. [42] investigated the relationship between the diffusion of heat treatment
process and the shape and thickness of copper and aluminium composite interface
diffusion layer.
According to the research, the increase of the temperature of diffusion and the extending
of diffusion period can lead to the increase of thickness of the interfacial layer.
Moreover, the sub-layer thickness increases gradually as well.
In addition, the research also finds out that the relationship between the interface layer
thickness and the temperature of diffusion can be concluded as an exponential
relationship. Furthermore, the diffusion time and the thickness of diffusion layer under
same temperature of diffusion heat treatment can be summarised as a parabola
relationships.
Compare with pure metal, Cu-Al clad composites perform higher mechanical properties,
which include low density, high thermal and electrical conductivity. Moreover, as an
important industry material, the competitive price is another feature of Cu- Al
composites [43-45]. Therefore, it can attract the attention from researchers and
engineers.
In addition, the weight of Cu-Al clad composite is only 50%-65% of copper alloy [46].
However, some properties such as thermal and electrical conductivity are almost equal
to certain copper alloys. Furthermore, the strength performance and solderability of CuAl clad composite are significantly better than Al as well. Electrical connection is
another merit of Cu-Al clad composite, which is more reliable than Al alloys. Because
of the excellent performance in electrical aspect, Cu-Al clad composites are introduced
in electric industry. Moreover, the application of Cu-Al clad composite still develops
rapidly.
Cu-Al clad composite can be a better option for all kinds of electric industries due to
that it can provide higher properties with lower weight. Due to the significant reduction
of both weight and cost, Cu-Al composite is possible to replace Cu alloys [47, 48].
Furthermore, electrical power and signal transmission field have introduced Cu-Al
composite as a conductor material. However, there are reliability issues of interface in
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forming process of Cu-Al composite, which is a significant barrier to the development
of the application of Cu-Al composite.
Although researchers have investigated the interface reliability of Cu-Al layered
composite, the knowledge of deformability of Cu-Al layered composite is still
insufficient compared with that of pure Al and Cu materials[46]. Hence, to integrate
Cu-Al layer into different electrical and thermal parts, such as the thin wire and sheet
and other components with complex shape, the effects of interface bonding and
interfacial intermetallic layer on the deformation need to be investigated.
Due to the skin effect which can keep the electric current flowing mainly around the
outer surface of the electrical conductor with the increase of current frequency, the
alternating current selects the surface of Cu layer which is more conductive. Therefore,
the resistance of the wire and sheet can even reach that of pure copper.
Kim and Hong [46] investigated the interactive deformation and enhanced ductility of
roll-bonded Cu-Al-Cu composite. The material that used in this study is treated by roll
bonding process. Oxygen free high conductivity (OFHC) copper which is 99.9% purity
and contains 0.002% O, 0.015% P and 0.002% Zn is applied in this study. Moreover,
1060 aluminium of the commercial purity which is 99.4% purity and contains 0.20%
Si, 0.25% Fe and 0.05% Cu is used as well. The Cu-Al-Cu plates are roll-bonded. In
addition, the reduction ratio in this process is 65%. This process contains only one pass.
Next, the plates of composite are rolled for three more passes. However, the reduction
ratio of the three passes reduces to only 5%. The distribution of the thickness for the
Cu, Al and Cu layers in the clad composite is 0.2 mm, 1.6 mm and 0.2 mm respectively,
which means the total thickness of the composite is 2 mm.
The composite material is annealed at various temperatures which are 200 °C, 300 °C,
400 °C and 500 °C respectively. Furthermore, each group is annealed for 3 hours. To
gain the results of the impact of annealing, the research analyses the properties of
composite materials at different temperatures. Therefore, the Universal Materials
Testing Machine (UNITED, US/SSTM) is applied to operate the tensile tests to gain
the mechanical properties. Furthermore, the strain rate of the experiment is set as 1×103/s. The testing specimen has 3.5 mm-gage width and 15 mm-gage length. The strength
and ductility of clad composite need to be compared with each layer. Hence, the three
layers are separated from the composite material. Then, mechanical tests are carried out
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to gain the relevant data. Because of the effect of temperature dependent intermetallic
formation and its impact on the surface properties of separated sheets, each layer needs
to be annealed when the separations complete. The intermetallic layer is potential to be
formed due the high temperature anneal that treated on the composite material. This
phenomenon can finally reduce the quality of the surface properties of the separated
copper and aluminium materials. To gain the aluminium part, a material polisher is
applied in this process, which can remove the Cu sheets that covered both sides of the
composite material. According to the final observed results by a stereo microscope,
there is no defect on the samples that treated by the mechanical polishing process.
Fig. 2.20 (a)-(f) show the optical micrographs of near-interface regions for Cu-Al-Cu
clad composite materials. The figures (a)-(f) display the as-rolled material (a) and
annealed materials at 200 °C (b), 300 °C (c), 400 °C (d), 450 °C (e) and 500 °C (f) for
3 hours respectively. As shown in Fig. 2.20(a), there is no interfacial intermetallic layer
can be observed on the as-rolled composite material.
Moreover, as shown in Figs. 2.20 (b) and (c), there is no significant change of the
interfacial microstructure and interfacial reaction layer can be found after annealed at
200 °C and 300 °C. The thickness of reaction layer can experience a constant increase
as the heat treatment temperature beyond 300 °C [45].

Figure 2.20 Contact areas of the as-roll bonded (a) and annealed Cu-Al-Cu composites at 200 °C (b),
300 °C (c), 400 °C (d), 450 °C (e), and 500 °C (f) for 3 h

According to the relevant research [45, 49], if the anneal temperature is above 300 °C,
the interfacial reaction layers can contain Cu9 Al4 layer, CuAl (Cu4 Al3) layer and CuAl2
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layer. Yet, another research group [50] find that the CuAl2 layer with Al2O3 particles
is the main part which has been operated by heat treatment under 250 °C to 300 °C. The
various results of interface intermetallic gained by different researchers should because
of the variety of annealing temperature. Therefore, the observations of Sheng et al. [50]
should due to the low temperatures of heat treatment. Hence, structural defects can lead
to the short-circuit diffusion, which finally cause the CuAl2 intermetallic layer.
Fig. 2.21 illustrates the comparison of the as-rolled clad plates and annealed clad plates
at each temperature that has been exhibited. The comparison is shown by the curves of
stress-strain. There should be a step-wise drop in the stress strain curves in Mg/Al/STS
clad composite material. However, such phenomenon cannot be observed in the asrolled Cu-Al-Cu clad composite material test. Therefore, the fractures of Cu and Al can
be occurred in the same time because of the good interface bonding.

Figure 2.21 Stress–strain curves at different temperatures of heat treatment

To compare the mechanical properties of each material in the composite plate, Fig. 2.22
(a) and (b) illustrate the stress–strain responses of independent Al (a) and Cu (b)
respectively. Although the Cu and Al sheets are separated, both of them still have been
roll-bonded. Furthermore, the mechanical and thermal treatments for the sheets are
same with those of the composite material as well. According to the stress-strain
response curves, there is only little change for the Al material which experienced heat
treatment at 200 °C. Moreover, strain softening and low ductility phenomenon can be
found on the separated Al materials which experienced the heat treatment at 200 °C.
This is mainly due to the mechanical instability which is relevant to the strain softening.
However, the Al material which is treated by heat treatment over 300 °C can perform
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lower strength. In addition, an obvious strain hardening can also be shown on such Al
sheet, which can finally cause high ductility. According to Kim and Hong [44], if the
annealing temperature is over 300 °C, the special properties such as recovery/
recrystallisation of Al may lead to the strength decrease, yet, the fracture strain can
appear an opposite trend. In addition to the information of Al material, Fig. 2.22 also
illustrates the performance of Cu material. The separated Cu sheets under 200 °C
annealing appear high yield stress, but the ductility is much lower. Furthermore, the
initial hardening rates of Cu sheets are quite low. The curves of over 300 °C, however,
are totally different with those of as-rolled and 200 °C. The Cu materials show lower
strength and significant strain hardening via yielding. Such pronounced modifications
finally lead to the well performance of ductility. Moreover, Fig. 2.22 also shows that
there is one difference between the fracture modes of Al and Cu. The fracture of Al
experiences a gradual decrease of flow stress, however, the curves of fracture of Cu
show rapid stress drops when the final fractures happen.

Figure 2.22 Stress–strain responses of separated (a) Al and (b) Cu

Fig. 2.23 shows the ultimate tensile strength (UTS) (a) and the fracture strain (b) of CuAl-Cu composite materials, Cu-Al-Cu which uses the rule of mixture and separated Al
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and Cu. According to Fig. 2.23, the difference between each kind of material under
various heat treatment conditions can be shown clearly. Furthermore, the ultimate
tensile strength values and fracture strains which are gained by the experiments need to
be compared with those of separated Cu and Al. It is noteworthy that the separated Cu
and Al need to be gained via the rule of mixture. Fig. 2.23 also illustrates that there is a
downtrend of the ultimate tensile strength of Cu-Al-Cu composite materials as the
uptrend of the temperature of annealing. This phenomenon is due to the
recovery/recrystallisation which can lead to the softening of Al and Cu materials. The
ultimate tensile strength of clad composite materials is the same with the separated Cu
and Al materials which are calculated by the rule of mixture. Therefore, the strength of
layered composite materials can apply the rule of mixture. However, the strength of the
experimental ultimate tensile strength of as-rolled composite material is still little
higher than that by the rule of mixture which experience annealing at lower temperature.
This should be due to the existence of interface intermetallic layers and the interface
with modified microstructure [45, 51, 52]. Furthermore, the strain concentration which
happens in the roll bonding process can reduce the grain size of the interface area. The
decrease of the grain size may have impact on the slight increase of the strength of the
composite materials.
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Figure 2.23 (a) Ultimate tensile strength and (b) fracture strain (b) of as-rolled and annealed Cu-Al-Cu
composites plotted along with those of separated Al and Cu.

In addition, the fracture strains of the composite material are also shown in Fig. 2.23(b).
The results of the fracture strains need to be compared with the data that calculated by
the rule of mixture. Based on the comparison shown in Fig. 2.23, the fracture strains of
the composite material which have been measured by the experiment are higher than
those that are calculated by the rule of mixture if the annealing temperature is over
400 °C. Furthermore, the value of fracture strain (25.6%) gained by the experiment is
significant higher the value gained by the rule of mixture (12.1%). Moreover,
comparing with the rule of mixture, the fracture strain of the composite material
increases at 200 °C as well. When the temperature of heat treatment is set as 300 °C
and 400 °C, the fracture strain of the composite material shows the same trend as that
measured by the rule of mixture. However, when the heat treatment temperature
increases, the gap between the value of the experimental fracture strain of the composite
material and the value gained by the rule of mixture reduces. Moreover, the value
calculated by the rule of mixture even higher than the experimental fracture strain value
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at 500 °C. This is mainly because of the cracks that exist in the layer of brittle
intermetallic, which can finally lead to the debonding of interface between each layer.
The hardening rates of Al layer, Cu layer and the composite material of Cu-Al-Cu are
shown in Fig. 2.24(a)–(c) respectively. Because of the high stored cold-work energy
[53], strain softening behaviours can be observed in Fig. 2.22 (a). Therefore, there is a
rapid decrease of the hardening rates of as-rolled Al as shown in Fig. 2.24(a). The
hardening rates of Al whose annealing temperature is over 300 °C also reduce
significantly. Furthermore, the rates even close to 0 when the strain is 12%. This is
mainly due to the behaviours of stress saturation. As shown in Fig. 2.24(b), the
hardening rates of Cu of all conditions are obviously better compared with the
counterparts of Al. This is because of the greater behaviour of extensive hardening of
Cu material which can be seen in Fig. 2.22(b). According to the comparison of the
curves of stress–strain responses and hardening rates, Cu has more homogeneous
deformability compared with Al. However, the ductility of Cu shows a lower
performance compared with Al, which is due to the limitation of necking. Moreover,
the sudden fracture also attributes to the poor ductility of Cu. Fig. 2.24(c) illustrates the
hardening rates of Cu-Al-Cu composite material. Furthermore, it can be observed that
the positive hardening rate for strains is over 0.12 under 200 °C-heat-treatment. This
stands for that the Cu-Al-Cu composite material has a greater fracture strain compared
with the separated Cu and Al. Moreover, the composite material which is heat treated
over 300 °C can appear higher hardening rate compared with the single Al.
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Figure 2.24 Hardening ratios of single (a) aluminium, single (b) copper and (c) Cu-Al-Cu composite
material

Based on the analysis that mentioned above, the research finds that the fracture strain
of as-rolled Cu-Al-Cu composite material is significantly higher than those of separated
Al and Cu. The Cu layer in the composite material can be impacted by the Al layer. On
the other hand, the Cu layer can also influence the Al layer which involves the
development of necked area. Furthermore, the tendency of neck formation can be
influenced as well. In general, the interactive deformation between the two different
materials can lead to a positive impact on the ductility of as-rolled composite material.
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Furthermore, the results of the research show that the hardening ratio of the composite
material is better comparing with that calculated by the rule of mixture. Therefore, it
can be concluded that the hardening behaviour and the deformability can be improved
by the combination of the two kinds of materials which are made of the composite
material. The limitation between each joined facing of layers can even improve the
hardening ratio of the composite material.
In addition, the research also compares the UTS of the composite material between the
experimental method and the rule of mixture method. According to the analysis, the
two results gained by the two different methods are quite similar. However, the
experimental result of the as-rolled composite material is still slightly larger than the
result calculated by the rule of mixture. This may due to improvement function by the
modified microstructure and interface intermetallic layers in the composite material.
The fracture strains results are obviously different between the experimental method
and the rule of mixture method. The fracture strains of as-rolled Cu-Al-Cu composite
material and the composite materials which are heat treated over 400 °C are
significantly higher if using the experimental method. Moreover, the improvement of
ductility cannot be achieved by 500 °C annealing. This can attribute to the removing of
the limitations between each layer lead by the interfacial debonding.
To conclude, micro forming industry is a burgeoning industry. However, as a new
developing technology, micro forming is currently facing a lot of barriers, such as size
effect, lack of automatically fabrication and limitation of appropriate tools. Moreover,
the mechanical properties of micro forming material, which cannot be satisfied is
another serious problem [2]. Therefore, investigating the relevant properties of the
material in micro forming process is valuable for micro forming industry. To achieve
this purpose, most current research via two methods which are experiment and
simulation by FEA software.
This study uses both of the two methods, and will mainly focus on the heat treatment
impact on micro deep drawing quality.
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Chapter 3

Research Methodology

The study of composite material focuses on copper-aluminium-copper material. The
tests contain micro-rolling and micro deep drawing process. Furthermore, heat
treatment is introduced before micro forming process as well. Moreover, the
microstructure, formability and defects of the formed materials are observed by 3D
laser scan microscope. In addition to the experiment method, simulation method also
needs to be applied in the study. ANSYS is applied to simulate the micro deep drawing
process and analyse the results. Finally, both results of the experiment and simulation
need to be compared with each other to analyse the accuracy of simulation results.

3.1 Experimental
The Cu-Al-Cu composite sheets are applied in this investigation, which is formed by a
punch die tool. The gap between the upper and lower die is approximate 12%-14%,
which is implanted by the initial thickness of the sheets to improve the quality. The
supporting force can be obtained by the spring apparatus in the first step. Next, the
punch force increases as the increase of the punch travel. Furthermore, the punch force
and the final stroke can be provided by the press machine.
The type of the heat furnace is KTL1400 as shown in Fig. 3.1 which is a tube furnace
with double-layer housing and air cooling system. In addition, the range of temperature
is 0 to 1400 °C. The operation chamber of the furnace is made of alumina fibre.
Furthermore, the furnace equips heating components on both sides of the machine, and
there is a flow meter locates on the right side. The thermocouple is installed on the
thermocouple seat, which is fixed on the back of the apparatus.
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Figure 3.1 The KTL1400 heat furnace

The machine for the micro deep drawing process is DT-3AW (Fig. 3.2). The apparatus
contains photoelectric guard, servomotor, mechanical sensor, slide, foil feeder, mould,
bolster and the control box. The maximum travel length is 40 mm, which is between
the top and the bottom dead centre position. The servomotor is controlled by the
commands which are given form the control box. Then, the movement of the slide can
finish a stroke. Furthermore, the forming force can be recorded by the mechanical
sensor during micro deep drawing process. Finally, the data can be transferred to the
computer for the further analysis.

Figure 3.2 The DT-3AW micro deep drawing machine

The materials and formed cups need to be observed at micro scale both before and after
the micro forming process. Therefore, microscope should be applied in this research.
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Considering the complex parameters that need to be identified, VK-X100 (Fig. 3.3)
which contains 3D laser scanning apparatus is allocated in the experiment. Laser
confocal component is equipped in the microscope, which can provide the function of
screenshot. The captured images can be revealed with a large depth of field. Moreover,
it can also show the finest details of the material. The VK-X100 applies two different
light sources which are white light source and laser light source. Moreover, the colours,
laser intensity and height information can be gained by the cooperation of the two light
sources, which is related to the creation of deep field colour images, laser intensity
images or height images respectively. In addition, the reflected light that produced by
the source of white light can be selected via a CCD camera. Although the colour of the
material is transformed into digital data, the natural colour of the material can be
observed as well. This is achieved by obtaining the colour information for each pixel at
the focal point detected by the laser.
As a professional metal microscope, the VK-X100 contains lens barrel, coaxial incident
light illumination optics and CCD cameral built-in in the measurement unit. Moreover,
the maximum pixels that can be recorded by the pixel shift method CCD camera is 21.6
million, which can allow to capture images with high quality. This microscope can
provide high magnification observation via digital zoom function.

Figure 3.3 The VK-X100 microscope

3.2 Simulation
3.2.1 ANSYS
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ANSYS is applied to analyse the micro deep drawing process in this research. ANSYS
can solve engineering problems which involve complex structural. Moreover, it can
even make better and faster analysis by illustrating vivid images with data to the users.
The users can edit and automate solutions for the structural mechanics problems via
finite element analysis (FEA) plug-ins. Furthermore, ANSYS can also identify the
parameters in simulation process and even analyse coupling design scenarios. Moreover,
the models which are established by other software can be connected to ANSYS for
further analysis as well. ANSYS is used in all kinds of engineering industries, which
can enable engineers to optimise their designs and reduce the costs of R&D process.
Reliable, high quality, automated meshing
Intelligent meshing technology is applied in ANSYS. Therefore, the users can be able
to gain optimal meshing quickly and automatically. Moreover, the automatic, intelligent
algorithms can guarantee the generation of high quality meshes.
Complete structural analysis solution
ANSYS can provide different kinds of analysis tools which are enable to analyse single
load cases, vibration or transient analysis. In addition, linear and nonlinear behaviour
of materials, joints and geometry can be tested as well. Furthermore, drop, impact and
explosion simulations can be achieved by the advanced solver technology with Autodyn
and LS-DYNA.
3.2.2 Solidworks
Solidworks can help with the creation of 3D solid models which may involve complex
parts and large assemblies. This software can provide capacity of establishing complex
structures.
Furthermore, Solidworks can also transform between 2D to 3D models. The models
can be designed by controlling key design parameters. Especially, the edit of such
parameters is quite easier. Therefore, Solidworks is applied in this research to build the
simulation models. In addition, the type of the file can be saved as various forms, which
can be convenient for ANSYS to import the models.

42

Chapter 4

Experiment

4.1 Heat treatment
The variety of clad composite materials’ property which is due to the combination of
different metals and alloys is a great benefit in manufacturing industry. To identify the
optimum combination, massive investigation and research need to be conducted.
However, in the selection procedure which needs to face the large amount of materials,
moreover, the properties of these materials are also massive. Therefore, the properties
of individual materials should not be the only considered issue. Comprehensive aspects,
such as the conditions in the interface regions, should be considered as crucial factors
as well. Moreover, to exhibit the best performance of the clad composite materials, the
stacking structure needs to be designed and determined as well [45].
As the obvious advantages of copper and aluminium laminate composites such as high
conductivity, low density and price competitiveness, it has attracted a great attention
from academic circle. For instance, the weight of the clad sheet of aluminium and
copper can be reduced even by 40 - 50%, however, the electrical and thermal
conductivity of the clad sheet are the same as those of certain copper alloys. In addition,
compared with copper alloy, the cost of copper and aluminium composite material can
be reduced by 30–50% as well. Because of these advantages, the copper and aluminium
composite material is usually applied in the manufacture of armored cables, yoke coils
in TV sets, air-cooling fin and bus-bar conductor joint [45]. However, the high
temperature can produce intermetallic compound, which can damage the properties of
the composite material. Therefore, the heating condition needs to be controlled strictly
in the heat treatment process.
The specimens should be conducted by heat treatment in order to improve each property
of the material. This experiment applies annealing method which can improve the
mechanical property of the specimens. Moreover, electrical conductivity can be
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improved as well through heat treatment which needs to heat the material in the first
period, then, cool down at a specific rate to obtain a refined microstructure.
The percentage of each layer is 10%, 80% and 10% respectively. The range of the
annealing temperature for aluminium and aluminium alloy is 300-450℃ which depends
on which type of the alloy is. Moreover, the annealing temperature for copper is 350650℃. Therefore, with the consideration of the two ranges of temperature and to
investigate the impact of holding time on mechanical properties of Cu-Al-Cu composite
material, the holding times are set as 2 minutes, 5 minutes, 10 minutes, 1 hour and 2
hours respectively (Table 4.1) and the heating temperature is 400 ℃. In addition, the
heating temperature is set at 400 ℃ and annealing speed is set at 10 ℃/min, which
means the whole annealing time is 40 minutes. Hence, the heating treatment can be
divided into three parts which are heating to 400 ℃, holding temperature for 2 minutes,
5 minutes, 10 minutes, 1 hour and 2 hours respectively, and cooling to the room
temperature gradually. The KTL1400 Tube Furnace with silicon carbide rods was used
as the heat treatment apparatus. Furthermore, a double-layer shell structure and
AHIMADEN 40 segment temperature control component are equipped as well. To
achieve rapid increasing and reducing of temperature control, the furnace hearth
contains 1600 alumina polycrystalline fibre material and a cooling system.
Table 4.1 Heat treatment conditions

Group
1
2
3
4
5

Heating temperature
(℃)
400
400
400
400
400

Heating speed (℃/
min)
10
10
10
10
10

Holding time
(minute)
2
5
10
60
120

4.2 Experiment setup
This experiment aims to figure out the performance of micro deep drawing (MDD). The
results are illustrated by the forming quality of the micro cup. Moreover, Cu-Al-Cu
laminate composite material is applied as the testing material.
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The MDD system composes three components which are punch mould, press machine
and DT-3AW force inspection instrument.
The punch mould includes two parts which are upper die and lower mould (Fig. 4.1).
The upper die contains ten components which are springs, blank holder house, spring
guiders, guide posts, blank holder, solid punch, upper plate, holding spring and lower
plate. Moreover, the lower mould includes container, pad and solid base.

a. Upper die

b. Lower mould
Figure 4.1 The die set

The equipment type is DT-3AW which is applied to control the press machine. The
punch speed and punch travel can be controlled by both manual operation and automatic
operation. Moreover, this system can also collect the data of punch load which is
changed with stroke. The data that collected by the mechanical sensor can be used to
establish line fitting, which can illustrate the force condition during MDD process.
Furthermore, another function of the data is compared with the results of simulation.
The steps of the experiment are summarised below:
Step 1: Moving the rigid punch and the blank holder downward quickly to almost
contact the surface of specimen.
Step 2: The moving speed of the punch and the blank holder reduces to 0.1 mm/s to cut
the sheet with circle shape.
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Step 3: The movement of the punch keeps at 0.1 mm/s, which can lead to the
deformation of the sheet.
Step 4: As the increase of the stroke, the blank holder would contact the fix plate.
Moreover, the micro cup can be formed with the punch move downward.
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Chapter 5

Finite Element Simulation

In this study, the finite element analysis (FEA) is used to simulate the micro deep
drawing process. Furthermore, the results of simulation can show the relationship
between forming qualities and different heat treatment conditions of Cu-Al-Cu. The
simulation data such as the relationship between punch load and stroke and the depth
of the micro cup can be obtained. Finally, the results of simulation are compared with
the results of experiments and discussions and conclusions can be shown in the other
chapter of this research.
The professional FEA software ANSYS is applied as the simulation tool in the research.
Moreover, Solidworks is used as the tool for building model because of the more
convenient operation compare with ANSYS. In addition, the transient structural section
of ANSYS is applied to simulate and analyse the micro deep drawing process in the
study. The transient structural is applied to calculate the total deformation, equivalent
stress, equivalent elastic strain and force reaction.
Firstly, Solidworks is used to create each component of micro deep drawing equipment
which includes punch, blank holder, lower die and the material that prepare for forming.
Then, the components need to be assembled.
Next, the simulation process is implemented by ANSYS. However, due to the influence
factors are quite a lot, such as lubrication condition, friction coefficients and forming
material properties, which can lead to different simulation results. Furthermore, such
factors may not be identified accurately. Therefore, the results of simulation may be
different with experimental results. Yet, the simulation results can still reveal the
relationship between each control group. The details which contain specific parameters
of simulation are shown in the rest of this chapter.

5.1 Create components
The complete micro deep drawing process includes several core components which are
punch, forming material, blank holder and lower die. Therefore, this step needs to create
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each component. Due to that Solidworks only responsible for the establishment of the
models and the assembly, the material parameters are input in the ANSYS which would
be done in next procedure.
5.1.1 Punch
Fig. 5.1 shows the punch model. According to the parameter of experiment apparatus,
the diameter of the punch is 0.8 mm. As the length of the punch has no influence of the
simulation results, the length is set as 6 mm. Furthermore, the fillet radius is 0.3 mm.

Figure 5.1 The punch model

5.1.2 Blank holder
The excircle diameter of blank holder (Fig. 5.2) is the same with the forming material
diameter which is 2 mm. Furthermore, the inner circle diameter is the same with the
diameter of forming hole in lower die which is 0.95 mm. Moreover, the height of blank
holder is 0.5 mm.
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Figure 5.2 The blank holder model

5.1.3 Forming material
The forming material is a simple sheet which has a 1.6 mm diameter (Fig. 5.3). In
addition, the thickness of the sheet is 0.05 mm. However, in order to set the forming
material precisely, the forming sheet needs to be divided into three layers. Moreover,
the three layers are 0.005 mm, 0.04 mm and 0.005 mm respectively.

Figure 5.3 The forming material model

5.1.4 Lower die
To analyse easily, the lower die (Fig. 5.4) is based on a 10 cm X 10 cm X 10 cm cube.
Furthermore, there is a 0.95 mm diameter hole in the middle of the cube and its depth
is 3 mm. It is worth noting that there is also a fillet with 0.3 mm radius on the top edge
of the hole which can be used to form the cup.
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Figure 5.4 The lower die

5.1.5 Assembly
Fig. 5.5 shows the section view of the assembly. In order to save the simulation time,
the initial position of the punch is set to contact to the surface of the forming sheet.

Figure 5.5 Section view of the assembly
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5.2 Simulation
The assembly of whole micro forming system has been built already by Solidworks.
Therefore, the models can be imported in the Geometry section of ANSYS directly.
The sequence of setting the FEA parameters is followed by ANSYS project setting tree
which is shown in Fig. 5.6.

Figure 5.6 ANSYS project setting tree

The geometry section can set the material that each component needs to be applied. In
this research, every component uses structural steel as the assignment material except
the material sheet which needs to use specific material based on the experiment results.
Table 5.1 ANSYS setting parameters

Friction
coefficient
of material
sheet
to
lower die

Friction
Coefficient
of material
sheet
to
blank
holder

Friction
Number Current
Coefficient of steps step
of material
number
sheet
to
punch

Step end Initial
time
time step

0.1

0.1

0.3

6s

Minimum
time step

Maximum
time step

Velocity of
the punch

0.05 s

0.4 s

0.1 mm/s

1

1

0.2 s

Next, contact regions under connections section need to be set. There are three contact
regions in the analysis process, which are material sheet and lower die, material sheet
and blank holder and material sheet and punch. Furthermore, it is important to select
right contact and target areas, otherwise, it can lead to significant fail in final solutions.
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To be specific, the material sheet needs to be set as contact area in each contact region
group, and the other part should be set as target area. Other relevant parameters are
shown in Table 5.1.
Due to that the cups of 10-minute group has the best quality, their relevant material
parameters which are shown in Table 5.2 are chosen for the simulation process.
Table 5.2 Material parameters

Cu

Al

Density

8900 km/m3

2700 kg/m3

Young’s modulus

110000 MPa

79300 MPa

Poisson’s ratio

0.33

0.3

Plastic strain

0

0.15

0

0.088

Yield stress

70 MPa

210 MPa

35 MPa

136 MPa
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Chapter 6

Results and Discussion

6.1 Experimental results
In order to investigate the influence of holding time during the heat treatment process,
the experiment includes five individual test groups. Moreover, argon gas was
introduced in the heat treatment process as protection ambience to protect the sample
from oxidation.
The strength of the composite material can be illustrated by the drawing force value and
punch position. Therefore, loading sensor was applied in this test to record the load
value and punch position during the forming process. Then, the recorded data were
analysed by excel and can obtain the drawing force-stroke curves. In addition, each
group of the test contains five repeated individual tests and the final images were
determined by the average data of the five tests for each group.
6.1.1 Drawing force-stroke curves
Fig. 6.1 shows the trend of drawing force with the increase of the stroke for the five
groups. In the beginning of the process, the resistance of bending is dominant, which
results in a rather slow increasing rate of drawing force initially. However, the five
curves ascend significantly as the process continues, which mainly attribute to the high
flow stress that caused by the large deformation. Furthermore, the friction increases
with the increase of contact forces. Then, each of the five curves rises to the peak of the
curves which are 5.64 N, 4.96 N, 6.25 N, 3.68 N and 4.11 N for 2-minute, 5- minute,
10-minute, 1-hour and 2-hour-holding-time of heat treatment respectively. Finally, the
curves fall immediately after reach to the peak. In general, the five curves have the same
trend. Nevertheless, the 10-minute-curve is the highest one among the five curves. The
2-minute-curve is slightly higher than the 5-minute-curve. Moreover, the 1-hour-curve
and 2-hour-curve are quite similar which are obviously lower than the other three curves.
This phenomenon is due to the different holding times of heat treatment that can finally
leads to the various strength caused by the different growth styles of grains.
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Drawing force-stroke curves
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Figure 6.1 Drawing force-stroke curves

6.1.2 The depth of the forming cups
Fig. 6.2 shows the depths of the cups that formed in each control group. According to
the picture, the material that experiences 10 minutes holding time in the heat treatment
process not only performs an excellent strength, but also shows a good plasticity which
can support a deeper forming via the micro deep drawing process. Moreover, although
the cup formed in the 2-minute group shows a good strength (as shown in Fig. 6.1), it
has the worst plasticity among the five cups whose depth is only 390.8 μm.
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Figure 6.2 The depth of the forming cups of (a) 2-minute group,(b) 5-minute group, (c) 10-minute
group, (d) 1-hour group, and (e) 2-hour group

6.1.3 The quality of the forming cups
Fig. 6.3 reveals the shape of micro cups via highlight measure. The shape, especially
the rim conditions of the cups can be observed clearly by using the images. According
to Fig. 6.3, the cups of 2-minute-group, 5-minute-group, 10-minute-group and 1-hourgroup have similar rim conditions. However, the rim condition of the cup of 2-hourgroup is worse compared with those of other groups. Furthermore, it can be observed
that the cups of 1-hour and 2-hour-group exist broken region. This phenomenon is
relevant to the grain pattern, which will be discussed in the next section.
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Figure 6.3 The highlight images of the micro cups of each group, (a) 2-minute group,(b) 5-minute
group, (c) 10-minute group, (d) 1-hour group, and (e) 2-hour group

6.1.4 Surface of broken cups
Each group of the experiment contains five repeated individual tests. However, the
quality of the cups that formed by micro deep drawing process cannot be totally the
same. The main broken performances are shown in Fig. 6.4. According to the
observation results from scanning electron microscope (SEM), the broken parts were
usually occurred on the bottom of the cup. Furthermore, the breaches only happened on
one of the layers of the laminate composite material which is the copper layer.
Therefore, it is necessary to improve the properties of the material by taking proper heat
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treatment and adjusting appropriate proportion of copper and aluminium. The holding
time in heat treatment is the only variable in the experiment. Hence, Fig. 6.4 shows the
impact of the holding time on the surface quality of the micro forming cups. It can be
observed in Fig. 6.4 (a)-(c) that the cups of 2-minute, 5-minute and 10-minute group
show better surface quality, which have mere cracks on the bottom. However, Fig. 6.4
(d) and (e) show that the damages on the bottom area of the cups of 1-hour and 2-hour
group are more significant, which have been shown in Fig. 6.3 (d) and (e). This
phenomenon maybe due to the grain growth caused by the prolonged holding time in
heat treatment process. As the gradual growth of grain, the interphase between each
layer of the composite material increases. The increase of the interphase finally leads
to the rise of brittleness of the forming material and the decrease of strength and
formability. Furthermore, the interphase impact on plasticity is not as significant as the
impact on strength and formability of the material.

Figure 6.4 Surface quality of the cup in (a) 2-minute group, (b) 5-minute group, (c) 10-minute group,
(d) 1-hour group and (e) 2-hour group

6.2 Simulation results
Fig. 6.5 shows the simulation curve obtained by ANSYS simulation. The comparison
between simulation results and the experimental results illustrates that the simulation
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values are higher than the experimental values. This is due to that the interfaces between
each layer of the composite material can create special interphases. The interphase is
produced due to the different properties of different materials, which can reduce the
strength of the material. Although the simulation model is based on the Cu-Al-Cu
laminate composite material with three layers, the properties of each layer are assigned
independently. Therefore, the simulation values are higher without the consideration of
the interphase impact.

Comparison of Simulation Value and Experimental Value
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Figure 6.5 Comparison of simulation value and experimental value

Fig. 6.6 compares the deformation image of the simulation cup and the cup depth of the
10-minute-group experiment. The deformation data obtained via ANSYS also reveals
the plasticity of the composite material. The depth of the simulation cup is 583.37 μm.
Therefore, the simulation result is acceptable compared with the experimental result
which is 546.2 μm. The small gap between the experimental and simulation results
proves again that the interphase impact on plasticity is not significant.
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Figure 6.6 The depth of (a) experimental cup, and (b) simulation cup
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Chapter 7

Conclusions, Limitations and Recommendations

7.1 Conclusions
This study investigates the mechanical properties formability of Cu-Al-Cu laminate
composite material based on the micro deep drawing process.
According to the analysis results of the experiments, different holding times of heat
treatment can cause various forming performance of the composite material. In this
study, the material that experiences 10 minutes holding time in heat treatment process
has a larger strength, which shows 6.25 N drawing force. The strength and plasticity
can reach to a perfect balance point. The 2-minute group can show a good performance
of the strength, however, the formability is much worse, which can lead to lower depth
of the drawn micro cup. Furthermore, the 5-minute group has an improvement of the
formability, yet, the strength changes to the opposite trend.
In addition, the highlight image shows the formability of the cups of each control group.
The cups that experience long holding time in heat treatment process show a poor
performance of formability.
On the other hand, due to the prolonged holding time of the heat treatment, the strength
of both of the 1-hour group and 2-hour group are significant lower than that of other
three groups, which only can perform 3.68 N and 4.11 N respectively. The low
formability and strength of the 1-hour and 2-hour-group cups maybe due to the growth
of grain over time.
In general, the cup that experiences 10 minutes holding time in the heat treatment can
perform excellent properties in strength, plasticity and formability.
Moreover, this study also builds a simulation model of the micro deep drawing process
of composite material. The simulation results can describe the force condition of the
forming material. The relevant results of the simulation agree with the results of the
micro deep drawing experiments, which confirms the developed FE model is applicable.
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7.2 Limitations and Recommendations
In the next period of the study, the grain structure of the forming material needs to be
investigated. The discussion should include the change of grain structure under various
heat treatment conditions, such as different holding times in heat treatment process and
different temperatures.
The grains of Cu-Al-Cu laminate composite material can be observed via electron
backscatter diffraction (EBSD), which can figure out the changes of grain size and
shape under different conditions of heat treatment. The grain structural may explain
further about the formability and strength of the cup produced by micro deep drawing
process.
Moreover, the element shape is generated by the software automatically in this study,
the simulation accuracy will be affected by such method. Thus, specific element models
such as Voronoi model need to be introduced in further study of micro forming
simulation to obtain results that are more accurate and practical. In order to build the
Voronoi models, MATLAB may need to be introduced, and the Voronoi model can
also combine with the grain structure gained by EBSD, which can make the simulation
results closer to the actual value.
The simulation model does not contain the special interphases between each layer of
the composite material, which can lead to the lower value compared with experimental
value. Hence, the interphase with specific properties needs to be considered into the
interfaces between each layer of the composite material to enhance the accuracy of
simulation. To gain the relevant parameters of the interphases, observation and test
should be implemented as well.
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